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Hybridization  of  atomic  orbitals  in  graphene  on  Ni(lll)  opens  up  a  large  energy  gap  of  ^2.8  eV  between 
nonhybridized  states  at  the  K  point.  Here  we  use  alkali-metal  adsorbate  to  reduce  and  even  eliminate  this 
energy  gap,  and  also  identify  a  new  mechanism  responsible  for  decoupling  graphene  from  the  Ni  substrate 
without  intercalation  of  atomic  species  underneath.  Using  angle-resolved  photoemission  spectroscopy  and  density 
functional  theory  calculations,  we  show  that  the  energy  gap  is  reduced  to  1.3  eV  due  to  moderate  decoupling  after 
adsorption  of  Na  on  top  of  graphene.  Calculations  confirm  that  after  adsorption  of  Na,  graphene  bonding  to  Ni  is 
much  weaker  due  to  a  reduced  overlap  of  atomic  orbitals,  which  results  from  n  doping  of  graphene.  Finally,  we 
show  that  the  energy  gap  is  eliminated  by  strong  decoupling  resulting  in  a  quasifreestanding  graphene,  which  is 
achieved  by  subsequent  intercalation  of  the  Na  underneath  graphene.  The  ability  to  partially  decouple  graphene 
from  a  Ni  substrate  via  n  doping,  with  or  without  intercalation,  suggests  that  the  graphene-to-substrate  interaction 
could  be  controlled  dynamically. 
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Graphene  features  unique  optical  and  electronic  properties 
that  promise  utilization  in  novel  optoelectronic  devices  [1-4]. 
These  properties  originate  in  the  conical  dispersion  of  states 
near  the  K  point  of  the  Brillouin  zone,  which  form  a  Dirac  cone 
and  are  degenerate  at  the  Fermi  level  [1].  These  states  change 
in  response  to  atoms  adsorbed  on  top  of  graphene  (doping) 
or  when  coupling  to  the  substrate  is  strong.  In  the  case  of 
graphene  on  metals,  the  energy  of  the  Dirac  cone  can  change 
as  a  result  of  interfacial  doping,  or  a  band  gap  can  open  up  at 
the  K  point  when  the  symmetry  of  the  lattice  is  broken  [5-9] . 

Graphene  can  be  grown  on  commensurate  metal  surfaces 
by  decomposition  of  gaseous  precursors  [10].  Although  this 
method  is  very  efficient  and  yields  large-area  graphene,  the 
strong  coupling  to  the  substrate  and  doping  change  the  band 
structure  near  the  K  point  [5].  Coupling  to  the  substrate  is 
exceptionally  strong  for  graphene  on  Ni(lll)  [Gr/Ni(lll)], 
where  the  overlap  of  atomic  orbitals  from  graphene  and 
the  substrate  leads  to  hybridization.  As  a  result,  the  tt  state 
mixes  with  the  substrate  d  band,  forming  a  manifold  of  states 
spanning  the  energy  from  0  to  3  eV  below  the  Fermi  level 
[5,11-13].  Although  some  of  these  states  intersect  at  the 
K  point  and  feature  a  similar  structure  to  the  Dirac  cone, 
utilization  of  Gr/Ni(l  11)  in  devices  requires  decoupling  from 
the  substrate  [14,15]. 

Intercalation  of  atomic  species  into  Gr/Ni(l  1 1)  was  shown 
to  decouple  the  substrate  by  forming  an  atomic  spacer 
[11-13,16].  Although  this  method  is  used  to  produce  quasifree¬ 
standing  graphene  for  spectroscopy,  the  mechanisms  of  this 
decoupling  are  not  entirely  understood.  Noble  metals  were 
shown  to  restore  the  Dirac  cone  after  intercalation  [12,17]. 
However,  studies  of  alkali-metal  intercalants  have  resulted 
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in  severe  inconsistencies.  On  the  one  hand,  intercalation 
of  Na  (and  similarly  K  or  Cs)  was  postulated  to  restore 
the  Dirac  cone  incompletely,  and  reduce  the  energy  gap 
between  the  nonhybridized  states  at  the  K  point  (the  7r-to- 
7T*  energy  gap)  from  2.8  to  1.3  eV  [16,18].  On  the  other 
hand,  angle-resolved  photoemission  spectroscopy  (ARPES) 
and  density  functional  theory  (DFT)  showed  that  the  Dirac 
cone  is  restored  completely  and  the  energy  gap  reduced  to  0  eV 
after  intercalation  [15].  The  origins  of  the  large  1.3  eV  energy 
gap  found  in  previous  experiments,  as  well  as  the  observed 
inconsistencies  between  different  studies,  are  not  understood. 
We  note  that  adsorption  of  alkali  metals  on  top  of  graphene 
induce  n  doping  and  was  used  to  control  the  electronic  structure 
of  bilayers  of  graphene  on  SiC(0001)  [19].  Mechanisms  of 
alkali  metals  intercalation  of  graphene  were  also  studied  using 
DFT  and  scanning  tunneling  microscopy  (STM)  [20-25]. 

In  this  Rapid  Communication,  we  use  ARPES  to  probe  the 
dispersion  of  states  near  the  K  point  during  adsorption  and 
subsequent  intercalation  of  atomic  Na  into  Gr/Ni(lll).  The 
dispersion  of  states  is  a  sensitive  probe  of  coupling  between 
graphene  and  the  substrate  [12,26]  that  allows  us  to  observe 
two  distinct  regimes  of  decoupling  that  were  not  observed 
previously.  First,  we  find  that  Na  on  top  of  graphene  induces 
a  moderate  decoupling  from  the  substrate  that  is  evident  from 
partial  restoration  of  the  Dirac  cone,  which  increases  the 
dispersion  of  the  tt  state  at  high  momenta  and  decreases  the 
7r-to-7r*  energy  gap  from  2.8  to  1.3  eV.  This  decoupling  was 
previously  misinterpreted  as  due  to  intercalation  of  atomic  Na 
(and  K  or  Cs)  into  Gr/Ni(lll)  [16,18].  Second,  we  find  that 
proper  intercalation  of  the  Na  underneath  graphene  induces  a 
much  stronger  decoupling,  which  is  evident  from  a  restoration 
of  the  pristine  Dirac  cone  at  the  K  point  (i.e.,  the  7r-to-7r* 
energy  gap  is  reduced  to  ~0eV).  Our  experimental  findings 
are  confirmed  by  DFT  band  structure  calculations  and  Bader 
charge  analysis. 
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RAPID  COMMUNICATIONS 


PIOTR  MATYBA  etal 

Ni(lll)  single  crystal  films  were  graphitized  in  UHV 
through  dissociation  of  C2H4  under  partial  pressure  of 
10-6  Torr  and  Ni  temperature  of  900  K  [10].  This  monolayer 
of  graphite  was  dissolved  then  into  Ni(lll)  at  temperatures 
>1100K  and  subsequently  precipitated  onto  the  surface  by 
slow  cooling.  The  solubility  of  C  in  Ni  is  three  times  higher 
at  1100  K  than  at  room  temperature  [27],  making  it  possible 
to  control  the  formation  of  graphene  on  the  surface  by  cooling 
the  sample  [28].  Gr/Ni(lll)  formed  at  lower  rates  (~2h 
per  monolayer),  through  precipitation  of  carbon  rather  than 
by  direct  dissociation  of  C2H4,  showed  the  much  better 
morphology  that  was  critical  for  this  study.  Na  was  adsorbed 
under  a  pressure  of  ~  10“ 10  Torr  at  room  temperature  using 
a  commercial  Na  source.  Intercalation  of  Na  was  induced 
by  annealing  the  sample  at  temperatures  in  the  range  of 
300-450  K,  followed  by  rapid  cooling  to  room  temperature 
[29]. 

ARPES  was  performed  using  40.8  eV  vacuum  ultraviolet 
radiation  from  a  He  discharge  lamp  (Specs  UVS300)  and  a 
hemispherical  analyzer  (Specs  Phoibos  100).  The  morphology 
of  Gr/Ni(lll)  was  examined  using  ARPES  and  low-energy 
electron  diffraction  (LEED).  Intercalation  of  Na  was  diagnosed 
through  exposures  to  O2  in  UHV,  which  results  in  oxidation 
of  Na  when  on  top  of  graphene  but  not  intercalated  (due  to 
the  large  size  of  the  O2  molecule  [30]).  DFT  calculations  were 
performed  using  the  VASP  code  [31]  based  on  spin-polarized 
DFT  [29].  The  projector  augmented  wave  potentials  were  used 
to  model  electron-ion  interactions  [32,33]  and  van  der  Waals 
(vdW)  dispersion  forces  were  accounted  for  using  the  vdW-DF 
approach  [31,34-36]. 

The  band  structure  of  Gr/Ni(lll),  measured  experimen¬ 
tally  along  the  FK  [12,13,16]  and  p-FK  [14,15]  directions 
of  the  Brillouin  zone,  revealed  that  coupling  to  the  substrate 
distorts  the  states  near  the  K  point.  In  Fig.  1  (a)  we  plot  this  band 
structure  probed  along  the  FK  direction.  The  exact  position 


FIG.  1.  (Color  online)  (a)  Electronic  structure  of  pristine 
Gr/Ni(lll)  measured  along  the  FK  direction  in  the  Brillouin  zone; 
the  7T,  ct29  and  cr3  states  of  graphene  and  the  3d  band  of  Ni(lll) 
are  indicated  with  symbols,  while  high  symmetry  points  of  the 
Brillouin  zone  ( F,K )  are  indicated  with  vertical  white  arrows, 
(b)  Calculated  majority  band  structure  of  Gr/Ni(lll).  The  graphene 
2 pz  contributions  are  highlighted  in  red  (thick  lines). 
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of  the  K  point  is  established  from  the  minimum  of  the  a 3 
state,  and  the  position  of  the  F  point  from  the  minimum  of  the 
tx  state.  For  the  ix  state,  we  find  that  the  maximum  is  lower 
in  energy  by  ~2.8eV  compared  to  graphene  on  SiC(0001) 
and  the  minimum  is  lower  by  ~2.0eV.  These  two  energy 
offsets  at  T  and  K ,  which  are  not  equal,  indicate  that  the  state 
dispersion  (< dE/dk )  along  T/T  must  be  lower  in  Gr/Ni(lll) 
than  in  graphene  on  SiC(0001). 

Indeed,  the  experimental  spectrum  in  Fig.  1(a)  shows 
that  the  tx  state  dispersion  is  lower  in  the  momentum  range 

from  1 .4  to  1 .7  A  (indicated  in  the  figure).  We  attribute  this 
dispersion  lowering  to  the  coupling  between  the  tx  state  and 
d  band  in  the  corresponding  momentum  range.  In  order  to 
gain  further  insights  into  this  coupling,  we  performed  DFT 
calculations  of  the  most  stable  (top-fcc)  configuration,  shown 
in  Fig.  1(b).  Our  calculations  omit  the  spectral  weights  and 
matrix  elements  relevant  for  ARPES,  making  it  possible  to 
show  all  of  the  important  states  along  the  F  K  direction  (note 
that  the  experimental  spectrum  is  dominated  by  the  strongest 
spectral  features).  We  find  that  the  Ni  d  band  spans  from  the 
Fermi  level  down  to  —  3.5  eV  along  the  entire  cut  through  the 
Brillouin  zone  and  near  the  F  point  from  —5  to  —  9  eV,  as 
shown  in  Fig.  1(b).  These  higher  binding  energy  states  near  F 
are  not  accessible  in  ARPES  due  to  matrix  element  effects  and 
can  be  neglected  in  our  analysis  [14]. 

Importantly,  our  calculations  show  that  the  d  band  and  tx 
state  hybridize  near  the  K  point  and  split  into  a  manifold  of 
states  [5,14-16].  The  spectral  intensity  of  this  manifold  is  low 
along  the  F  K  direction  due  to  matrix  element  effects  induced 
by  hybridization  [37-39],  but  it  was  probed  previously  using 
higher  energy  photons  and/or  other  cuts  through  the  Brillouin 
zone  [14,15].  The  lowering  of  the  tx  state  dispersion  in  the 
momentum  range  from  1.4  to  1.7  A  in  Fig.  1(b)  is  directly 
caused  by  the  hybridization.  We  note  that  the  lower  density 
of  Ni  states  near  the  Fermi  level  causes  hybridization  to  be 
weaker,  and  remnants  of  the  n  state  are  seen  near  the  K  point 
in  Figs.  1(b)  and  1(a),  and  also  in  Fig.  Sl(b)  [29]. 

Our  DFT  calculations  show  that  the  7T*  state  is  shifted  in 
energy  to  above  the  Fermi  level  and  its  dispersion  is  nonlinear 
near  the  K  point,  in  Fig.  1(b).  We  link  this  peculiar  dispersion 
to  the  same  hybridization  that  changes  the  tx  state  below  the 
Fermi  level  and  we  anticipate  that  the  7r*  state  will  shift  in 
response  to  n  doping  when  Na  is  on  top  of  Gr/Ni(l  1 1). 

Indeed,  with  0.8  monolayer  of  Na  on  top,  the  tt*  state 
is  slightly  populated  and  below  the  Fermi  level  in  Fig.  2(b). 
However,  changes  in  the  tx  state  after  adsorption  cannot  be 
explained  as  due  to  n  doping.  That  state  maximum  shows  up 
at  energy  higher  than  before  adsorption  and  the  dispersion  is 
higher  near  the  K  point,  which  results  in  a  lower  7r-to-7r* 
energy  gap.  Since  n  doping  should  neither  shift  a  populated 
state  towards  the  Fermi  level  nor  change  the  state  dispersion, 
we  conclude  that  adsorption  of  Na  reduced  the  coupling 
between  graphene  and  the  substrate,  and  thus  the  7r-to-7r* 
energy  gap  decreased  from  2.8  to  1.3  eV.  Before  we  validate 
this  interpretation  through  theory  below,  we  emphasize  that 
the  tx  state  is  hybridized  above  —  2.8  eV  before  adsorption  in 
Fig.  2(a)  and  it  is  not  hybridized  after  adsorption  in  Fig.  2(b). 

Graphene  can  be  decoupled  from  the  substrate  either  when 
the  adsorbate  is  intercalated  underneath  graphene  to  form  an 
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FIG.  2.  (Color  online)  (a)  Experimental  band  structure  of  graphene  on  Ni(lll),  where  the  K  point  is  indicated  by  vertical  white  arrows 
(|).  The  insets  above  show  the  energy  distribution  curves  (EDCs)  near  the  K  point  [the  AT -point  EDC  is  indicated  in  red  (thick  line)]  as  a 
function  of  detection  angle.  The  EDCs  energy  range  is  from  — 12  to  1  eV.  (b)  Same  as  (a)  but  after  adsorption  of  0.8  monolayer  Na  on  top;  the 
minimum  of  the  7T*  state  is  visible  at  the  Fermi  level.  The  yellow  vertical  arrows  (f )  indicate  roughly  the  maximum  of  the  Tt  state,  established 
from  the  state  turning  point,  (c)  Same  as  (b)  after  further  annealing  to  intercalate  Na  to  underneath  graphene. 


atomic  spacer  separating  the  substrate,  or  when  the  adsorbate 
resides  on  top  and  induces  a  weakening  of  the  graphene-to- 
substrate  ( Tt-d )  bond.  We  excluded  intercalation  as  the  origin 
of  decoupling  in  Fig.  2(b),  by  exposing  samples  to  O2  inside 
the  UHV  chamber.  The  photoemission  lines  from  sodium 
oxides,  which  can  be  formed  when  Na  is  on  top  of  graphene, 
indicated  that  Na  was  on  top  after  adsorption  [29].  We  also 
exclude  intercalation  at  isolated  areas  that  would  produce 
partially  decoupled  graphene.  Previous  ARPES  studies  of 
Na  intercalation  into  Gr/Ni(lll)  [15]  showed  that  partial 
intercalation  results  in  a  superposition  of  two  Tt  states,  one 
from  intercalated  and  another  from  unintercalated  graphene. 
Since  such  superposition  is  not  seen  in  our  measurements,  we 
conclude  that  all  Na  remains  on  top  of  Gr/Ni(l  1 1)  in  Fig.  2(b). 

In  order  to  understand  the  mechanism  of  this  decoupling 
in  Fig.  2(b),  we  compare  the  calculated  band  structures  of 
Gr/Ni(l  1 1)  before  and  after  adsorption,  in  Figs.  3(b)  and  3(c), 
respectively  (energy  is  referenced  to  the  Fermi  level  to  allow 
the  comparison).  Before  adsorption,  the  7T*  state  is  above  and 
the  remnant  of  the  n  state  is  below  the  Fermi  level.  After 
adsorption,  these  two  states  are  shifted  in  energy  vs  the  Fermi 
level  in  agreement  with  our  experimental  results  in  Fig.  2(b). 
We  emphasize  that  all  states  should  be  shifted  correspondingly 
because  the  work  function  is  lower  after  adsorption.  However, 
states  below  the  Fermi  level  (except  for  the  remnants  of  the  tt 
state)  remain  at  the  same  energy  as  before  adsorption.  Since 
the  spectral  intensity  of  these  states  is  strongly  diminished  [40] 
and  the  n  state  is  partially  unhybridized  [see  Fig.  2(b)],  we 
conclude  that  charge  rearrangements  after  adsorption  screen 
the  coupling  between  graphene  and  the  substrate  and  cause 
lowering  the  7r-to-7r*  energy  gap.  We  also  note  that  weak 
hybridization  still  persists  although  the  coupling  between 


graphene  and  the  substrate  is  firmly  attenuated.  Therefore, 
since  the  spectral  intensities  are  not  included  in  the  calcula¬ 
tions,  changes  to  the  band  structures  induced  by  adsorption 
of  Na  on  top  [in  Fig.  3(c)]  are  very  subtle  when  compared 
to  the  experimental  spectrum  in  Fig.  2(b).  We  anticipate  that 
including  the  intensity  into  the  calculations  would  reflect  the 
decoupling;  and  this  deserves  further  theoretical  investigation. 

Importantly,  we  can  observe  the  decoupling  by  analyzing 
Bader  charge  distributions  before  and  after  adsorption  [in 
Fig.  4(a)]  and  structural  changes  to  Gr/Ni(lll)  [in  Fig.  4(b)]. 
Before  adsorption,  the  atomic  orbitals  of  graphene  ( pz )  and 
Ni(lll)  (3J3z2_r2)  overlap  and  give  rise  to  a  covalentlike 
(71  -d)  bond  and  the  charge  density  redistribution  shown  in 
Fig.  4(a).  Bader  charge  shows  that  a  net  charge  of  0.10c 
(< c  is  the  elementary  charge)  is  transferred  from  the  substrate 
to  graphene.  After  adsorption,  the  charge  redistribution  and 
the  associated  energetics  shift  due  to  electrons  supplied  by  the 
adsorbate.  Bader  charge  shows  that  Na  brings  a  net  charge 
of  0.36c  per  atom  to  graphene  and  virtually  no  charge  to 
the  substrate.  This  charge  supplied  to  graphene  induces  an 
interfacial  dipole  that  can  lower  its  propensity  of  bonding  to 
the  substrate,  as  evidenced  from  lifting  graphene  up  to  2.30  A 
above  the  substrate  in  Fig.  4(b).  Our  DFT  calculations  show 
that  the  net  charge  transferred  to  graphene  drops  to  0.05c 
per  atom,  indicating  a  weaker  overlap  of  the  pz  and  3d3z2_r2 
orbitals  after  adsorption.  We  conclude  that  the  observed 
decoupling  may  result  from  a  dynamic  competition  between 
the  Tt-d  and  d-d  hybridization,  which  favors  weaker  coupling 
to  the  substrate  after  adsorption.  We  anticipate  that  a  higher 
charge  transfer  per  atom  from  the  adsorbate  would  yield 
even  stronger  decoupling,  which  is  consistent  with  previous 
measurements  on  Gr/Ni(lll)  [16,18]. 
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FIG.  3.  (Color  online)  Band  structures  for  (a)  freestanding  graphene,  (b)  Gr/Ni(lll),  (c)  Na/Gr/Ni(lll),  and  (d)  Gr/Na/Ni(lll)  in  a 
(2  x  2)  supercell,  corresponding  to  a  Na  coverage  of  0.75  ML.  The  contributions  of  graphene  2 pz  orbitals  are  highlighted  in  red  (thick  line)  in 
panels  (b)-(d). 


We  emphasize  that  decoupling  of  graphene  from  Ni  when 
Na  is  on  top  is  different  from  decoupling  due  to  noble  metal 
atoms  intercalated  into  Gr/Ni(l  11),  which  was  investigated  in 
past  work  [8,9,11,12,30].  Atoms  intercalated  into  Gr/Ni(lll) 
break  down  hybridization,  cleave  the  Tt-d  bond,  and  detach 
graphene  from  the  substrate.  Electron-donating  adsorbates 
(such  as  Na)  on  top  of  graphene  cause  decoupling  by 
weakening  the  i x-d  bond,  but  in  this  case  graphene  is  not 
detached  from  the  substrate. 

We  confirm  our  interpretation  of  the  different  degrees  of 
decoupling  due  to  Na  on  top  or  underneath  graphene  by 
forcing  the  intercalation  of  Na  into  Gr/Ni(lll),  shown  in 
Fig.  2(c).  In  order  to  allow  a  direct  comparison,  this  study 
was  performed  with  the  sample  fixed  in  front  of  the  detector 
[29].  After  intercalation,  the  7r-to-7r*  energy  gap  is  closed  and 
the  Dirac  cone  is  restored  near  the  K  point.  The  remnant  gap 
opening  (<100  meV)  and  minor  band  back-bending  observed 
in  Fig.  2(c)  result  from  superposition  of  regions  with  different 
concentrations  of  the  intercalated  Na.  This  is  reasonable  due 


to  the  supply  of  Na  and  bottlenecks  in  the  intercalation  paths. 
The  results  of  DFT  calculations  shown  in  Figs.  3(d)  and  4(c) 
show  that  graphene  is  lifted  up  to  4.9  A  above  the  substrate.  We 
conclude  that  intercalation  of  Na  causes  identical  decoupling 
as  intercalation  of  noble  metals,  while  adsorption  on  top  causes 
only  a  moderate  decoupling  and  lowering  the  7r-to-7r*  energy 
gap  to  1.3  eV. 

Previous  observations  of  lowering  the  7r-to-7r*  energy  gap 
from  2.8  to  1.3  eV  were  interpreted  as  due  to  decoupling 
the  substrate  by  intercalation  of  Na  (and  K  or  Cs)  into 
Gr/Ni(lll)  [16,18],  but  no  evidence  of  intercalation  was 
shown.  We  emphasize  that  angle-resolved  or  angle-integrated 
x-ray  photoelectron  spectroscopy  (XPS)  measurements  cannot 
confirm  intercalation  because  changes  in  the  intensity  of  XPS 
lines  from  a  monolayer  of  Na  (K,Cs)  adsorbed  on  Gr/Ni(l  11) 
are  often  caused  by  formation  of  thick  islands  of  adsorbates  on 
top  rather  than  intercalation  [22,30,41,42].  Our  measurements 
provide  strong  evidence  that  Na  on  top  of  Gr/Ni(lll) 
reduces  coupling  between  graphene  and  the  substrate,  and 


o  3 

FIG.  4.  (Color  online)  Charge  density  difference  plots,  using  an  isosurface  of  ±0.02  e/A  for  (a)  Gr/Ni(l  1 1),  (b)  Na/Gr/Ni(l  1 1),  and  (c) 
Gr/Na/Ni(lll);  charge  density  accumulation  is  shown  in  red  and  depletion  in  blue.  The  adsorption  energy  of  Na  on  Gr/Ni  is  —  l.OOeV  at  a 
Na  coverage  of  1  ML,  referenced  to  the  total  energies  of  atomic  Na  and  Gr/Ni(l  11). 
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causes  lowering  of  the  7r-to-7r*  energy  gap  from  2.8  to 
1.3  eV. 

Although  recent  experiments  suggested  that  Na  may  inter¬ 
calate  spontaneously  due  to  the  low-energy  barrier  [15,43],  we 
do  not  observe  spontaneous  intercalation  at  room  temperature. 
Instead,  we  find  that  intercalation  is  not  possible  unless 
graphene  features  defects  and/or  grain  boundaries  (which 
is  expected  owing  to  the  size  of  atomic  Na)  and  unless 
the  mobility  of  Na  is  increased  at  high  temperature.  Our 
DFT  calculations  further  support  this  observation — although 
the  arrangement  with  Na  on  top  is  not  optimal  from  the 
energetics  standpoint  and  the  adsorbate  tends  to  intercalate, 
the  intercalation  is  kinetically  limited  without  grain  boundaries 
and  defects  in  graphene. 

In  order  to  corroborate  the  above  argumentation,  we 
performed  intercalation  studies  on  Gr/Ni(lll)  grown  un¬ 
der  different  conditions.  We  were  able  to  achieve  good 
control  over  the  concentration  of  defects  in  graphene,  by 
introducing  oxide  impurities  into  the  Ni(lll)  substrate  and 
by  performing  the  growth  at  lower  temperatures  produc¬ 
ing  impurities  of  amorphous  carbon  [44,45].  Our  study 
shows  that  intercalation  of  Na  depends  on  morphology  of 
Gr/Ni(l  1 1).  When  graphene  displays  relatively  weak  spectral 
features  in  ARPES  and  LEED,  with  a  high  background 
of  secondary  electrons,  intercalation  is  possible  at  lower 
temperatures.  Intercalation  into  a  higher  quality  graphene 
requires  elevated  temperature  and  intercalation  into  the  highest 
quality  graphene  needs  temperatures  close  to  the  desorption 
threshold. 

Our  observations  show  that  adsorption  of  Na  at  tempera¬ 
tures  lower  than  room  temperature  reduces  the  7r-to-7r  *  energy 
gap  to  less  than  1.3  eV  in  some  cases,  which  we  link  to 
the  nature  of  Na  overlayers  and/or  graphene-Na  interaction 
at  low  temperatures.  Adsorption  at  low  temperatures  causes 
aggregation  of  Na,  while  adsorption  at  higher  temperatures 
causes  adatoms  to  be  mobile  and  dispersed  randomly  on  the 
surface  [41 ,46,47] .  This  is  consistent  with  our  observations  that 
poor  morphology  of  Na  on  top  causes  a  weaker  decoupling, 
and  might  explain  a  recent  observation  that  adsorption  at 
133  K  does  not  induce  major  changes  to  the  band  structure 
of  Gr/Ni(lll)  [15].  We  anticipate  that  aggregation  of  the  Na 
on  top  may  cause  a  lower  net  charge  transfer  to  graphene  and  a 
different  competition  between  the  Tt-d  and  d-d  hybridizations, 
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thus  causing  weaker  decoupling.  Detailed  understanding  of 
this  effect  would  require  additional  studies  using  STM  or  XPS. 

In  summary,  we  show  that  the  presence  of  Na  atoms  on 
top  of  Gr/Ni(lll)  induce  decoupling  of  graphene  from  the 
substrate,  as  evident  from  a  decrease  of  the  7r-to-7r*  energy  gap 
to  1.3  eV.  Moreover,  intercalation  of  Na  underneath  graphene 
recovers  near-pristine  graphene,  closing  this  energy  gap  to 
near  0  eV.  We  anticipate  that  the  mechanism  of  controlling 
the  extent  of  graphene-to-substrate  coupling  using  a  charge 
transfer  from  adsorbates  (rather  than  intercalation)  opens  new 
possibilities  in  using  optical  (laser)  excitations  to  control  this 
coupling  in  graphene  on  other  surfaces.  This  technique  might 
allow  for  switching  the  graphene-to-substrate  coupling  in  the 
spirit  of  previous  work  on  noble  metal  surfaces  and  alkali- 
metal  adsorbates  (cf.  Refs.  [48,49]). 
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